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Cationic and reactive primary amine-stabilised
nanoparticles via RAFT aqueous dispersion
polymerisation†
M. Williams, N. J. W. Penfold and S. P. Armes*
The synthesis of primary amine-functionalised diblock copolymer nanoparticles via polymerisation-
induced self-assembly (PISA) using a RAFT aqueous dispersion polymerisation formulation is reported.
The primary amine steric stabiliser is a macromolecular chain transfer agent (macro-CTA) based on
2-aminoethyl methacrylate AMA, which can be readily polymerised in its hydrochloride salt form with
good control (Mw/Mn < 1.30) using RAFT aqueous solution polymerisation. Subsequent chain extension of
this macro-CTA with 2-hydroxypropyl methacrylate (HPMA) leads to the formation of relatively mono-
disperse spherical nanoparticles (68 to 288 nm) at pH 6. However, worms or vesicles could not be
obtained, because strong lateral repulsion between the highly cationic PAMA stabiliser chains impedes the
formation of these higher order copolymer morphologies. Deprotonation of the primary amine stabiliser
chains at or above pH 9 results in ﬂocculation of these spherical nanoparticles as the PAMA block
becomes uncharged. Diblock copolymer spheres, worms or vesicles can be synthesised that remain
stable at pH 9 by supplementing the PAMA macro-CTA with a poly(glycerol monomethacrylate) (PGMA)
macro-CTA, since this non-ionic block confers eﬀective steric stabilisation in alkaline media. A series of
diblock copolymer nanoparticles with the general formula ([1 − n]PGMAx + nPAMAy)–PHPMAz can be syn-
thesised by optimising: (i) the mean degree of polymerisation (DP, or x) of the PGMA block, (ii) the PHPMA
core-forming DP (or z); (iii) the mol fraction (n) of the PAMA stabiliser; and (iv) the copolymer concentration.
These spheres, worms and vesicles are both cationic at low pH and colloidally stable at high pH. Further-
more, deprotonation of the protonated primary amine groups on the PAMA stabiliser chains at high pH
renders these particles susceptible to epoxy-amine conjugation. This is demonstrated by the reaction
between the primary amine groups on (0.8PGMA101 + 0.2PAMA96)–PHPMA1000 diblock copolymer spheres,
and epoxide-functionalised diblock copolymer nanoparticles in aqueous solution at pH 8.
Introduction
Primary amine-based polymers are of great interest as the
result of their use in a wide range of applications such as drug
delivery,1,2 biomedical applications,3,4 polypeptide synthesis5–7
and biomineralisation.8,9 Two important characteristics are
their cationic character and their reactivity. For example, the
cationic nature of primary amines has been utilised to facili-
tate their occlusion into calcium carbonate,10 as well providing
organic templates for silica deposition.11–13 Furthermore, post-
polymerisation reactions such as the ring-opening of cyclic
esters14 and Michael addition15 can be exploited to derivatise
primary amine polymers, as well as allowing conjugation to
other molecules such as proteins and polypeptides.16
Despite considerable interest, the synthesis of well-defined
primary amine methacrylate-based polymers with precise
molecular weights and low polydispersities has proven to be a
diﬃcult synthetic challenge. This is because 2-aminoethyl
methacrylate (AMA) rapidly undergoes molecular rearrange-
ment to form 2-hydroxyethyl methacrylamide in its deproto-
nated form (i.e. at high pH).17 In principle, this problem can
be overcome by protecting the monomer prior to its polymeris-
ation; however, this approach requires additional protection/
deprotection steps and hence is both time-consuming and
atom-ineﬃcient.18
†Electronic supplementary information (ESI) available: Dynamic light scattering
data for a series of PAMA96–PHPMAz diblock copolymer particles, conversion vs.
time curve for a PGMA macro-CTA synthesis, evolution of the number-average
molecular weight with conversion of a PGMA macro-CTA, DMF GPC curves for
PGMA macro-CTAs, hydrodynamic diameter vs. pH curves for a series of diblock
copolymer particles with the general formula ([1 − n]PGMA101 + nPAMA96)–
PHPMA1000, and zeta potential vs. pH curves for diblock copolymer particles
with the formula ([1 − n]PGMA60 + nPAMA96)–PHPMA200 and ([1 − n]PGMA60 +
nPAMA96)–PHPMA500. See DOI: 10.1039/c5py01577d
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The development of reversible-addition fragmentation
chain transfer polymerisation (RAFT)19–22 has enabled the con-
trolled synthesis of a wide range of water-soluble polymers.
Furthermore, polymers with neutral,23–26 cationic,27–29
anionic,30–32 and zwitterionic33–36 character can be synthesised
directly in aqueous solution. Despite this, there are very few
reports of the RAFT polymerisation of 2-aminoethyl methacry-
late (AMA). He et al. demonstrated that AMA can be polymer-
ised in its hydrochloride salt form using RAFT solution
polymerisation in DMSO.37 Moreover, it was also shown that
linear PAMA homopolymers and AB diblock copolymers
(where A = AMA and B = 2-(diisopropylamino)ethyl methacry-
late, or DPA) could be prepared with reasonably narrow poly-
dispersities (Mw/Mn = 1.2–1.3). More recently, Li et al. showed
that PAMA homopolymers could be prepared in acidic
aqueous solution using dioxane as a co-solvent.38 Performing
reactions at low pH eliminated monomer degradation pro-
blems17 and allowed the synthesis of polymers with low poly-
dispersities (Mw/Mn = 1.10). Alidedeoglu et al. also reported the
synthesis of well-defined PAMA homopolymers by aqueous
RAFT, with double-hydrophilic AB diblock copolymers being
subsequently obtained via chain extension of PAMA with N-(2-
hydroxypropyl)methacrylamide.39 Recent advances in poly-
merisation-induced self-assembly (PISA) via RAFT aqueous
dispersion polymerisation has enabled diblock copolymer
nanoparticles to be prepared directly in aqueous solution at
high solids, with various copolymer morphologies such as
spheres, worms, vesicles and framboidal vesicles.40–44 In a
typical aqueous PISA formulation, the water-soluble steric
stabiliser block is prepared first, with subsequent growth of the
water-insoluble block driving in situ phase separation.45 For a
given degree of polymerisation (DP) of the stabiliser block, the
final copolymer morphology is mainly dictated by the DP of the
core-forming block and the overall copolymer concentration.46
Very recently, Bauri et al. reported a range of particle
morphologies using a primary amine-based macro-CTA based
on a poly(Boc-L-alanine methacryloyloxyethyl ester) via RAFT-
mediated PISA conducted in methanol.47 In principle, the
preparation of a range of primary amine-functionalised
diblock copolymer nanoparticles should also be feasible via
PISA using a RAFT aqueous dispersion polymerisation formu-
lation. However, Semsarilar and co-workers reported that use
of polyelectrolytic macro-CTAs only led to spherical mor-
phologies, even in the presence of added salt. This is believed
to be the result of strong lateral electrostatic repulsive forces
between the charged stabiliser chains, which impedes the for-
mation of higher order morphologies such as worms and
vesicles during PISA.48–51 In principle, this problem can be
overcome by reducing the charge density within the coronal
stabiliser layer by either statistically copolymerising the
desired charged monomer with a non-ionic comonomer or by
using a binary mixture of polyelectrolytic and non-ionic macro-
CTAs. In practice, the latter approach allows convenient fine-
tuning of the non-ionic/ionic stabiliser molar ratio and has
proved to be particularly useful in allowing access to the full
range of copolymer morphologies.50,51
Herein the synthesis of primary amine-functionalised
diblock copolymer nanoparticles via RAFT aqueous dispersion
polymerisation is reported. More specifically, a PAMA macro-
CTA is chain-extended with 2-hydroxypropyl methacrylate
(HPMA) to form a hydrophobic core-forming PHPMA block.
Higher order morphologies such as worms and vesicles were
obtained in the absence of salt by using a binary mixture of
macro-CTAs, with a non-ionic poly(glycerol monomethacrylate)
(PGMA) macro-CTA being utilised to dilute the coronal charge
density arising from the cationic PAMA macro-CTA (see Fig. 1).
Furthermore, the pH-dependent colloidal stability and reactiv-
ity of the resulting new diblock copolymer nanoparticles is
investigated.
Experimental
Materials
Glycerol monomethacrylate (GMA; 99%) was donated by GEO
Specialty Chemicals (Hythe, UK) and was used without further
Fig. 1 Synthesis of diblock copolymer particles with the general formula ([1 − n]PGMAx + nPAMAy)–PHPMAz by RAFT aqueous dispersion poly-
merisation using a binary mixed macro-CTA approach. Optimisation of parameters n, x, y, and z result in the formation of spheres, worms or vesicles
that are cationic at low pH, and both colloidally stable and reactive at high pH.
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purification. A water-soluble trithiocarbonate-based RAFT
agent known as MPETTC was synthesised as previously
reported.52 2-Aminoethyl methacrylate hydrochloride (AMA;
90%) was purchased from Sigma-Aldrich (UK) and purified by
washing extensively with THF. 2-Hydroxypropyl methacrylate
(HPMA; 97%), glycidyl methacrylate (GlyMA; 97%), azobis-
(2-methylpropionamidine) dihydrochloride (AIBA; 97%),
methanol, dichloromethane and D2O were all purchased from
Sigma-Aldrich (UK) and were used as received. THF and DMF
were purchased from Fisher Scientific (Loughborough, UK).
Deuterated methanol (CD3OD) was purchased from Goss
Scientific Instruments Ltd (Cheshire, UK). Deionised water was
used for all experiments.
1H NMR spectroscopy
All NMR spectra were recorded using a 400 MHz Bruker
Avance-400 spectrometer (64 scans averaged per spectrum).
DMF gel permeation chromatography (GPC)
Molecular weights and polydispersities of PGMA macro-CTAs
were determined using a DMF GPC set-up operating at 60 °C
and comprising two Polymer Laboratories PL gel 5 μm Mixed-
C columns connected in series to a Varian 390-LC multi-
detector suite (only the refractive index detector was utilised in
this study) and a Varian 290-LC pump injection module. The
GPC eluent was HPLC-grade DMF containing 10 mM LiBr at a
flow rate of 1.0 mL min−1. DMSO was used as a flow rate
marker. Calibration was conducted using a series of ten near-
monodisperse poly(methyl methacrylate) standards (Mn = 625
to 618 000 g mol−1). Chromatograms were analysed using
Varian Cirrus GPC software (version 3.3).
Aqueous gel permeation chromatography (GPC)
Aqueous gel permeation chromatography (GPC) was used to
characterise the PAMA macro-CTA. The GPC protocol involved
using an Agilent 1260 Infinity series degasser and pump, two 8
µm Agilent PL Aquagel-OH 30 columns and both a UV and RI
detector. The eluent was an acidic aqueous buﬀer (pH 3.3)
comprising 0.50 M acetic acid, 0.30 M NaH2PO4 and acidified
with HCl at a flow rate of 1.0 ml min−1. Calibration was
achieved using a series of near-monodisperse poly(ethylene
oxide) standards ranging from 1080 to 905 000 g mol−1.
Dynamic light scattering (DLS)
The intensity-average hydrodynamic diameter was determined
for selected diblock copolymer particles by DLS using a
Malvern Zetasizer NanoZS instrument. Aqueous solutions of
0.01 w/v % copolymer dispersions were analysed using dispos-
able plastic cuvettes, and the results were averaged over three
consecutive runs. Deionised water was used to dilute all dis-
persions, which were ultra-filtered through a 0.20 μm mem-
brane to remove dust prior to analysis.
Aqueous electrophoresis
Zeta potentials were recorded in the presence of 1 mM KCl for
diblock copolymer particles using a Malvern Zetasizer Nano ZS
instrument. The solution pH was adjusted using either dilute
NaOH or HCl as required.
Transmission electron microscopy (TEM)
Copper/palladium TEM grids (Agar Scientific, UK) were
surface-coated to yield a thin film of amorphous carbon. The
grids were then plasma glow-discharged for 30 seconds to
create a hydrophilic surface. A small volume (10 μL) of a dilute
aqueous copolymer solution was placed on the freshly pre-
pared grids for 20 seconds and then blotted with filter paper
to remove excess solution. To stain the aggregates, a 0.75% w/v
uranyl formate solution (10 μL) was placed on the sample-
loaded grid for 15 seconds and then carefully blotted to
remove excess stain. The grids were then dried using a vacuum
hose. Imaging was performed using a FEI Tecnai Spirit micro-
scope fitted with a Gatan 1KMS600CW CCD camera operating
at 80 KV.
Synthesis of a poly(2-aminoethyl methacrylate hydrochloride)
(PAMA) macro-CTA
The synthesis of a PAMA macro-CTA was conducted as follows.
A water-soluble morpholine-based RAFT agent (MPETTC) was
obtained by amidation of 4-cyano-4-(2-phenylethanesulfanyl-
thiocarbonyl)sulfanylpentanoic acid using 4-aminoethyl-
morpholine, as previously reported.52 MPETTC (0.60 mmol,
0.265 g, AIBA initiator (0.12 mmol, 0.033 g, CTA/AIBA molar
ratio = 5.0) and AMA monomer (0.07 mol, 12.0 g) were weighed
into a 100 mL round-bottom flask. Deionised water (49.2 mL,
aﬀording a 20% w/w AMA solution) was added and the result-
ing solution was adjusted to pH 3 using 0.1 M HCl before
being purged with nitrogen for 30 min. The sealed flask was
immersed into an oil bath set at 60 °C for 60 min and the
resulting RAFT polymerisation was subsequently quenched by
immersion in liquid nitrogen (final AMA conversion = 85% as
judged by 1H NMR). The crude PAMA was purified by exhaus-
tive dialysis (SpectraPor membrane; molecular weight cut-oﬀ =
3.5 kDa) against an aqueous acidic solution (pH 3), followed
by freeze-drying overnight. 1H NMR analysis indicated a mean
degree of polymerisation of 96 for this PAMA macro-CTA. Its
Mn and Mw/Mn were 27 700 g mol
−1 and 1.30 respectively, as
judged by aqueous GPC.
Self-blocking chain extension experiments with PAMA96
A typical protocol for the synthesis of PAMA96–PAMA300 at 10%
w/w solids is given below: PAMA96 macro-CTA (0.075 g,
0.004 mmol), AIBA (0.23 mg, 0.0008 mmol, CTA/AIBA molar
ratio = 5.0) and AMA monomer (0.207 g, 1.2 mmol; target DP =
300) were weighed into a 25 mL round-bottomed flask. De-
ionised water (2.6 mL, producing a 10% w/w aqueous solution)
was then added and the resulting solution was adjusted to
pH 3 using 0.1 M HCl before being degassed for 30 min prior
to immersion in an oil bath set at 60 °C. The reaction solution
was stirred for 5 h to ensure complete AMA monomer conver-
sion (as judged by 1H NMR) and the RAFT polymerisation was
quenched by exposure to air. The Mn and Mw/Mn values for the
Paper Polymer Chemistry
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resulting chain-extended PAMA were 68 100 g mol−1 and 1.21
respectively, as judged by aqueous GPC.
Synthesis of a poly(glycerol monomethacrylate) (PGMA)
macro-CTA
The synthesis of a PGMA101 macro-CTA was conducted as
follows. MPETTC (0.70 mmol, 0.293 g, AIBA initiator
(0.14 mmol, 0.036 g, CTA/AIBA molar ratio = 5.0) and GMA
monomer (0.09 mol, 15.0 g) were weighed into a 100 mL
round-bottom flask. Deionised water (35.8 mL) was added to
aﬀord a 30% w/w GMA solution and the resulting solution was
adjusted to pH 3 using 0.1 M HCl before being purged with
nitrogen for 30 min. The sealed flask was immersed into an oil
bath set at 60 °C for 90 min and the RAFT polymerisation was
subsequently quenched by immersion in liquid nitrogen (90%
GMA conversion as judged by 1H NMR). The crude PGMA was
freeze-dried from water overnight, before being redissolved in
methanol (100 mL) followed by precipitation into a ten-fold
excess of dichloromethane. This precipitation process was
repeated prior to dissolution into deionised water, freeze-
drying overnight aﬀorded the purified PGMA macro-CTA. 1H
NMR analysis indicated a mean degree of polymerisation of
101, while DMF GPC studies indicated an Mn of 36 200 g mol
−1
and an Mw/Mn of 1.13. Essentially the same protocol was used
to prepare a PGMA macro-CTA with a mean degree of poly-
merisation of 60 (Mn = 17 900 g mol
−1 and Mw/Mn = 1.16).
Synthesis of PAMA–PHPMA diblock copolymer nanoparticles
via RAFT aqueous dispersion polymerisation of HPMA
The synthesis of PAMA96–PHPMA500 at 10% w/w solids was
conducted as follows: PAMA96 macro-CTA (0.10 g,
0.006 mmol), AIBA (0.57 mg, 0.002 mmol, CTA/AIBA molar
ratio = 3.0) and HPMA monomer (0.43 g, 3.1 mmol; target
DP = 500) were weighed into a 25 mL round-bottomed flask.
Deionised water (4.9 mL) was added to produce a 10% w/w
aqueous solution and the resulting solution was adjusted to
pH 6 using 0.1 M NaOH before being degassed for 30 min
prior to immersion in an oil bath set at 60 °C. The reaction
solution was stirred for 5 h to ensure complete HPMA
monomer conversion (>99% conversion as judged by 1H NMR)
and then quenched by exposure to air.
Synthesis of PGMA–PHPMA diblock copolymer nanoparticles
via RAFT aqueous dispersion polymerisation of HPMA
The synthesis of PGMA101–PHPMA1000 diblock copolymer
nanoparticles at 10% w/w solids was conducted as follows.
PGMA96 macro-CTA (0.10 g, 0.006 mmol), AIBA (0.57 mg,
0.002 mmol, CTA/AIBA molar ratio = 3.0) and HPMA monomer
(0.87 g, 6.1 mmol; target DP = 1000) were weighed into a
25 mL round-bottomed flask. Deionised water (8.7 mL) was
added to produce a 10% w/w aqueous solution and the result-
ing solution was adjusted to pH 6 using 0.1 M NaOH before
being degassed for 30 min prior to immersion in an oil bath
set at 60 °C. The reaction solution was stirred for 5 h to ensure
complete HPMA monomer conversion (>99% conversion as
judged by 1H NMR) and quenched by exposure to air.
Synthesis of ([1−n]PGMAx + nPAMAy)–PHPMAz diblock
copolymer nanoparticles by RAFT aqueous dispersion
polymerisation of HPMA using a binary mixture of
macro-CTAs
The synthesis of (0.8PGMA101 + 0.2PAMA96)–PHPMA1000 is
representative and was conducted at 10% w/w solids as
follows. PGMA101 macro-CTA (0.10 g, 6.0 µmol), PAMA96
macro-CTA (0.245 g, 0.0015 mmol), AIBA (0.68 mg,
0.0025 mmol, CTA/AIBA molar ratio = 3.0) and HPMA
monomer (1.08 g, 7.5 mmol; target DP = 1000) were weighed
into a 25 mL round-bottomed flask. Deionised water (10.8 mL)
was then added to produce a 10% w/w aqueous solution,
which was adjusted to pH 6 using 0.1 M NaOH before being
degassed for 30 min prior to immersion in an oil bath set at
60 °C. The reaction solution was stirred for 5 h to ensure com-
plete HPMA monomer conversion (>99% conversion as judged
by 1H NMR) and quenched by exposure to air.
Synthesis of epoxy-functionalised PGMA–PGlyMA diblock
copolymer nanoparticles by RAFT aqueous emulsion
polymerisation
The synthesis of PGMA60–PGlyMA100 diblock copolymer nano-
particles at 10% w/w solids was achieved via RAFT aqueous
emulsion polymerisation of glycidyl methacrylate (GlyMA).
Briefly, PGMA60 macro-CTA (0.47 g, 0.047 mmol), AIBA
(2.54 mg, 0.009 mmol, CTA/AIBA molar ratio = 5.0) and GlyMA
monomer (0.66 g, 4.7 mmol; target DP = 100) were weighed
into a 25 mL round-bottomed flask. Deionised water (10.2 mL)
was then added to produce a 10% w/w aqueous solution, which
was degassed for 30 min prior to immersion in an oil bath set
at 60 °C. This reaction solution was stirred for 4 h to ensure
complete HPMA monomer conversion (>99% conversion as
judged by 1H NMR) and then quenched by exposure to air.
Epoxy-amine reaction between (0.8PGMA101 + 0.2PAMA96)–
PHPMA1000 spheres and PGMA60–PGlyMA100 spheres
A 10 mL aqueous dispersion containing 1.0% w/w (0.8PGMA101 +
0.2PAMA96)–PHPMA1000 and 1.4% w/w PGMA60–PGlyMA100
diblock copolymer nanoparticles was prepared. The solution
pH was adjusted to pH 8 using 0.1 M NaOH, followed by
heating at 60 °C for 16 h. As a control experiment, an identical
solution was prepared, adjusted to pH 3 using 0.1 M HCl and
heated at 60 °C for 16 h.
Results and discussion
The aim of this work was to develop a robust synthetic route to
primary amine-functionalised diblock copolymer nano-
particles via polymerisation-induced self-assembly (PISA)
using a RAFT aqueous dispersion polymerisation formulation.
In order to prepare such cationic nanoparticles, a PAMA
macro-CTA was prepared at 20% w/w solids by RAFT aqueous
solution polymerisation at pH 3. To produce a water-soluble
RAFT agent that dissolved at low pH, 4-cyano-4-(2-phenylethane-
sulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) was
Polymer Chemistry Paper
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modified as previously reported52 to yield a morpholine-
functionalised RAFT agent known as MPETTC. 2,2′-Azobis-
(2-methylpropionamidine) dihydrochloride (AIBA) was used as
initiator at 60 °C and an MPETTC/AIBA molar ratio of 5.0 was
employed. Fig. 2A shows both the conversion and semi-logar-
ithmic plot of monomer concentration vs. time, as determined
by 1H NMR spectroscopy. Inspecting the conversion vs. time
data (red triangles), the polymerisation reaches 75% conver-
sion after 1 h and is almost complete within 2 h. The semi-log-
arithmic plot of monomer concentration vs. time (blue circles)
is reasonably linear, which suggests that the RAFT polymeris-
ation is well-controlled. For such PISA syntheses via RAFT
aqueous dispersion polymerisation, a large batch of purified
macro-CTA is initially prepared to enable a series of chain
extension experiments targeting a wide range of core-forming
block DPs. Typically, the initial RAFT solution polymerisation
is terminated at intermediate conversion to minimise loss of
RAFT end-group functionality, which can otherwise result in a
reduction in living character and molecular weight control.
Using the kinetic data shown in Fig. 2A, a 40 gram scale syn-
thesis of PAMA macro-CTA was conducted under the same
conditions and terminated after 60 min. A mean degree of
polymerisation (DP) of 96 was determined by 1H NMR, while
aqueous GPC studies (vs. PEO calibration standards) indicated
an Mw/Mn of 1.30 (see Fig. 2B). Following the synthesis of this
primary amine macro-CTA, chain-extension with 2-hydroxy-
propyl methacrylate (HPMA) could be achieved via RAFT aqueous
dispersion polymerisation at pH 6 and 60 °C, using AIBA
initiator and a CTA/initiator molar ratio of 3.0. Unfortunately,
the living character and blocking eﬃciency of the PAMA
macro-CTA could not be assessed by GPC as there is no appro-
priate eluent that dissolves both the hydrophilic PAMA and
hydrophobic PHPMA blocks. Therefore a self-blocking experi-
ment with AMA monomer was conducted in order to assess
the blocking eﬃciency and living character of the PAMA96
macro-CTA, as described by Semsarilar and co-workers for a
diﬀerent cationic macro-CTA.50 Fig. 2B shows the GPC chroma-
tograms obtained for the PAMA96 macro-CTA before and after
chain extension targeting a further 300 units of AMA. Clearly,
reasonably good living character is maintained as the Mw/Mn
value of the final copolymer remains below 1.30. Furthermore,
the blocking eﬃciency is reasonably high, since the GPC chro-
matogram indicates little or no presence of the original
PAMA96 macro-CTA. Given these data and bearing in mind
various literature reports,43,46,50,50 it is reasonable to assume
that chain extension of the PAMA96 macro-CTA with HPMA
under RAFT aqueous dispersion polymerisation conditions
should be similarly well controlled and eﬃcient. Fig. 3 shows
the resulting hydrodynamic particle diameters determined by
DLS and the corresponding transmission electron microscopy
(TEM) images obtained for a series of PAMA96–PHPMAz
Fig. 3 (A) Hydrodynamic diameter and polydispersity vs. PHPMA core
DP, as measured by DLS, and (B) TEM images of PAMA96–PHPMAz (z =
100–1000) diblock copolymer particles synthesised at 10% w/w solids
by RAFT aqueous dispersion polymerisation of HPMA.
Fig. 2 (A) Conversion vs. time data derived from 1H NMR spectroscopy
studies of a RAFT solution polymerisation of 2-aminoethyl methacrylate
hydrochloride (AMA) at 60 °C in water using MPETTC CTA and AIBA
initiator at 20% w/w solids with a CTA/initiator molar ratio = 5. (B)
Aqueous gel permeation chromatograms (pH 3.3 vs. PEO standards)
obtained for a PAMA96 macro-CTA, and a subsequent PAMA300 homo-
polymer formed by chain extension with further AMA monomer.
Paper Polymer Chemistry
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diblock copolymer nanoparticles synthesised at 10% w/w solids
(where z = 100 to 1000). The hydrodynamic DLS diameter
increases monotonically as higher z values are targeted, while
the DLS polydispersity is gradually reduced, see Fig. 3A and S1.†
Fig. 3B shows the corresponding TEM images of these diblock
copolymer particles, which confirms this particle size trend. Fur-
thermore, TEM confirms that only spherical nanoparticles are
formed in all cases. Semsarilar and co-workers reported similar
observations when using polyelectrolytes as the sole stabiliser
block for the PISA synthesis of diblock copolymer nanoparticles.
This kinetically-trapped morphology was attributed to the strong
electrostatic repulsion between the charged stabiliser chains.50,51
PAMA has a pKa of approximately 7.6 in dilute aqueous solu-
tion.17 Given that these PAMA-based diblock copolymers are syn-
thesised at pH 6, the primary amine groups on the stabiliser
chains have a high degree of protonation and are therefore
strongly cationic, which explains why only spherical mor-
phologies are produced in the present study. This high cationic
charge density is confirmed in Fig. 4, which shows the pH-
dependence of the hydrodynamic diameter and zeta potential
for PAMA96–PHPMA1000 diblock copolymer nanoparticles. At pH
3, these nanoparticles have a zeta potential of +45 mV because
of the protonated nature of the PAMA stabiliser chains. As the
pH is raised towards the pKa of the PAMA, gradual deprotona-
tion occurs such that the zeta potential is reduced to +30 mV at
pH 7.5. An isoelectric point is observed at pH 9, and weakly
anionic particles are obtained at higher pH. Fig. 4 also shows
the eﬀect that this variation in electrophoretic behaviour has on
the particle size, as determined by DLS (blue triangles). At pH 3,
the mean particle diameter is around 250 nm. As the pH
approaches the approximate pKa of the stabiliser chains, there is
a slight reduction in size (to 201 nm diameter at pH 7.5). This
indicates gradual contraction of the stabiliser chains as they
gradually become less protonated. At around the isoelectric
point, flocculation occurs as the PAMA stabiliser chains become
neutral and steric stabilisation between neighbouring particles
is no longer eﬀective. Previous reports have demonstrated that a
binary mixture of a polyelectrolytic and a non-ionic macro-CTA
allows fine-tuning of the coronal charge density.50,51
The convenient synthesis of both cationic and anionic
diblock copolymer nanoparticles can be achieved via this con-
venient approach, with entropic mixing being confirmed by
mobility data.50,51 Moreover, introducing a non-ionic stabiliser
into the corona should provide the particles with additional
steric stabilisation when the deprotonated PAMA chains col-
lapse, thus preventing flocculation at around the isoelectric
point and hence producing colloidally stable particles over the
entire pH range. Furthermore, using a binary mixture of
macro-CTAs under appropriate conditions can result in the for-
mation of so-called ‘higher order’ copolymer morphologies
such as worms and vesicles. To investigate this approach, a
non-ionic poly(glycerol monomethacrylate) (PGMA) macro-
CTA was synthesised at 30% w/w solids, at pH 3 using
MPETTC and AIBA using a CTA/initiator molar ratio of 5.0.
Again, a kinetic study was performed to assess the living char-
acter of the reaction. A linear semi-logarithmic plot of
monomer concentration vs. time and a monotonic evolution of
molecular weight with conversion indicated good living char-
acter (see Fig. S2†). Subsequently, PGMA macro-CTAs with
mean DPs of 60 and 101 were prepared with final Mw/Mn
values of 1.16 and 1.13 respectively, as determined by DMF
GPC analysis (see Fig. S3†).
Initially, diblock copolymer nanoparticles of the general
formula ([1 − n]PGMA101 + nPAMA96)–PHPMA1000 were pre-
pared at 10% w/w solids by RAFT aqueous dispersion poly-
merisation (see Fig. 1). Utilising a relatively long non-ionic
stabiliser should confer eﬀective steric stabilisation at high
pH. The mean DP of the PHPMA core-forming block was fixed
to enable direct comparisons to be made between nano-
particles with diﬀering coronal stabiliser compositions. First,
PGMA101–PHPMA1000 (n = 0) diblock copolymer nanoparticles
were prepared as a reference material. Fig. 5 shows zeta poten-
tial vs. pH curves and the corresponding TEM images obtained
for a series of diblock copolymer nanoparticles formed using a
binary mixture of macro-CTAs. PGMA101–PHPMA1000 particles
are weakly cationic (+12 mV) at pH 3 as a result of protonation
of the morpholine-based RAFT end-groups. At pH 6 and above,
approximately neutral nanoparticles are obtained that remain
stable over the entire pH range, showing no signs of floccula-
tion (see Fig. S4†). TEM studies indicate a spherical mor-
phology, and DLS studies indicate a mean particle diameter of
96 nm (see Fig. S5†). Indeed, the TEM images shown in Fig. 5
confirm that a solely spherical morphology is obtained for all
with the general formula ([1 − n]PGMA101 + nPAMA96)–
PHPMA1000 diblock copolymer nanoparticles prepared at 10%
w/w solids. Purely non-ionic stabilised particles (i.e. n = 0) have
a mean droplet diameter of 97 nm while wholly cationic stabi-
lised particles (i.e. n = 1) have a mean droplet diameter of
280 nm. Clearly, there is a linear increase in diameter over this
particle size range as the proportion of PAMA stabiliser is
increased (see Fig. S5†). Moreover, there is a concomitant
increase in cationic character for the resulting diblock copoly-
mer nanoparticles between pH 3 and pH 8, see Fig. 5.
Fig. 4 DLS intensity-average diameter and zeta potential vs. pH curves
for PAMA96–PHPMA1000 diblock copolymer spheres in the presence of
1 mM KCl background salt. The isoelectric point observed at pH 9
coincides with particle ﬂocculation.
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However, the isoelectric point of these particles is not aﬀected:
all of the diblock copolymer nanoparticles become neutral and
weakly anionic above pH 9. Hence controlling the proportion
of the PAMA stabiliser chains within the diblock copolymer
nanoparticles enables fine-tuning of the cationic character at
low pH. Crucially, up to 20 mol% (i.e. n = 0.20) PAMA stabiliser
can be incorporated into the nanoparticles before flocculation
is observed. Weak aggregation occurs at 30 mol% and floccula-
tion comparable to PAMA96–PHPMA1000 particles can be
detected at 40 mol% PAMA (see Fig. S4†). Thus spherical
diblock copolymer nanoparticles prepared using a binary
mixture of macro-CTAs with the general formula (0.8PGMA101
+ 0.2PAMA96)–PHPMA1000 are not only cationic at low pH
(+32 mV at pH 3), but also stable to flocculation at high pH
where the PAMA chains become deprotonated and collapsed.
Following the successful formation of spherical diblock co-
polymer nanoparticles that remain stable at high pH, binary mix-
tures of macro-CTAs were further examined in order to target
worm and vesicle morphologies. In the context of wholly non-
ionic PISA formulations, Blanazs et al. showed that two impor-
tant parameters are the copolymer concentration46 and the DP
of the stabiliser macro-CTA.43 In order to target higher order
copolymer morphologies, both higher copolymer concen-
trations and a lower PGMA DP are required. Drawing on pub-
lished phase diagrams,43 the eﬀect of addition of the PAMA96
stabiliser on the copolymer morphology was studied by prepar-
ing two series of ([1 − n]PGMA60 + nPAMA96)–PHPMA200 and
([1 − n]PGMA60 + nPAMA96)–PHPMA500 nanoparticles at 20%
w/w solids. Fig. 6A shows the TEM images obtained for the
first series when n is increased from 0 to 0.20. When no PAMA
stabiliser is present (i.e. n = 0), the target PGMA60–PHPMA200
composition produced a pure worm morphology, as expected.
Incorporation of 5 mol% (i.e. n = 0.05) PAMA96 stabiliser also
produced worms, but 10 mol% PAMA96 gave a worm plus
sphere mixed phase, while only spheres are produced at either
15 or 20 mol% PAMA96. This gradual change in copolymer
morphology is also observed for the ([1 − n]PGMA60 +
nPAMA96)–PHPMA500 diblock copolymer nanoparticles, see
Fig. 6B. A pure vesicle phase is obtained when using either
zero or 5 mol% PAMA stabiliser, but incorporating 10 mol%
PAMA96 stabiliser results in a vesicle plus sphere mixed phase,
while only spheres are produced in the presence of 20 mol%
PAMA96. This loss of higher order morphologies is a result of
progressively stronger lateral interactions between the cationic
PAMA chains within the coronal layer, which leads to a higher
stabiliser volume fraction and hence a lower packing para-
meter, P.53,54 A higher proportion of PAMA96 stabiliser con-
ferred greater cationic character on the spherical diblock
copolymer nanoparticles at pH 3–8, with an isoelectric point
being identified at pH 9 (see Fig. 5). Similar electrophoretic be-
havior was observed for worms and vesicles prepared using
5 mol% PAMA96 (see Fig. S6 and S7†). Up to 20 mol% PAMA96
stabiliser can be incorporated into ([1 − n]PGMA60 +
nPAMA96)–PHPMAz diblock copolymer nanoparticles without
flocculation being observed. Thus diblock copolymer nano-
particles with spherical, worm-like or vesicular morphologies
can be synthesised using the general formula ([1 − n]PGMAx +
nPAMAy)–PHPMAz that are not only cationic at low pH, but
also stable to flocculation at high pH (when the deprotonated
PAMA chains undergo collapse).
In principle, the primary amine groups on the collapsed
PAMA96 chains located at the nanoparticle surface should
become deprotonated and hence reactive above pH 8.15 To test
this hypothesis, epoxy-functional spherical nanoparticles were
prepared via RAFT aqueous emulsion polymerisation of glyci-
Fig. 5 Zeta potential vs. pH curves and TEM images obtained for
diblock copolymer particles synthesised at 10% w/w solids with the
formula ([1 − n]PGMA101 + nPAMA96)–PHPMA1000. The scale bar shown
in the ﬁrst TEM image applies to all three TEM images.
Fig. 6 (A) TEM images obtained for diblock copolymer nano-objects
synthesised at 20% w/w solids with the formula ([1 − n]PGMA60 +
nPAMA96)–PHPMA200. Increasing the mol fraction of PAMA96 results in a
change in copolymer morphology from pure worms (n = 0–0.05) to a
worm plus sphere mixed phase (n = 0.10) to pure spheres (n =
0.15–0.20). (B) TEM images obtained for diblock copolymer nano-
particles synthesised at 20% w/w solids with the formula ([1 − n]PGMA60
+ nPAMA96)–PHPMA500. Increasing the mol fraction of PAMA96 results in
a change in copolymer morphology from pure vesicles (n = 0–0.05) to a
vesicles plus spheres mixed phase (n = 0.10–0.15) to pure spheres (n =
0.20).
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dyl methacrylate (GlyMA) at 10% w/w solids using a protocol
similar to that recently reported by Cunningham et al.55 More
specifically, a PGMA60 macro-CTA was utilised to prepare
PGMA60–PGlyMA100 nanoparticles with a mean DLS diameter
of 33 nm. A 1.4% w/w aqueous dispersion of these nano-
particles was added to a 1.0% w/w aqueous dispersion of
(0.8PGMA101 + 0.2PAMA96)–PHPMA1000 spherical diblock co-
polymer nanoparticles with a DLS diameter of 87 nm and the
resulting mixture was heated at 60 °C overnight. It is well
known that epoxides readily react with free amines in aqueous
solution.56 Thus, if the solution pH is adjusted to pH 8, the
deprotonated primary amine group on the (0.8PGMA101 +
0.2PAMA96)–PHPMA1000 nanoparticles can react with the
epoxy-functional PGMA60–PGlyMA100 nanoparticles. Conver-
sely, no epoxy-amine conjugation is expected at pH 3, since
protonated amines are unreactive under these conditions.
Fig. 7A shows the mean DLS diameters for the two types of
nanoparticles determined at pH 3 prior to mixing, and also for
the binary particle mixtures following attempted reaction at
pH 3 and pH 8. Prior to mixing, the (0.8PGMA101 +
0.2PAMA96)–PHPMA1000 and PGMA60–PGlyMA100 nanoparticles
each exhibit narrow particle size distributions. After mixing at
pH 3, a hydrodynamic diameter of 75 nm is observed, which
lies between the two initial particle diameters. This is because
DLS is a relatively low resolution technique that is unable to
resolve the two non-interacting populations and hence reports
a weighted average in size. Following reaction at pH 8, DLS
studies (determined at pH 3 to maximise repulsion between
any unreacted particles) indicate a unimodal particle size dis-
tribution with a mean diameter of 97 nm. This increase in par-
ticle size suggests that the expected epoxy-amine reaction
between the two types of particles has occurred, leading to the
formation of composite particles. Given that the smaller nano-
particles are in excess, a core–shell type morphology might be
anticipated, with the epoxy-functional nanoparticles forming
the shell. To investigate this further, Fig. 7B shows the mobili-
ties (determined at pH 3 by aqueous electrophoresis) obtained
for the two types of nanoparticles prior to mixing, and also for
the nanoparticle mixtures following reaction at pH 3 and pH
8. Prior to mixing, the (0.8PGMA101 + 0.2PAMA96)–PHPMA1000
and PGMA60–PGlyMA100 nanoparticles exhibit unimodal mobi-
lities of +2.2 µm and +1.5 µm cm V−1 s−1, respectively. Follow-
ing attempted reaction at pH 3, a bimodal mobility
distribution is observed, with the two peaks corresponding to
the individual mobilities of the original nanoparticles. This
suggests that no reaction has occurred under these conditions,
as expected. In contrast, a single unimodal mobility of +1.4
µm cm V−1 s−1 is observed after reaction at pH 8. This is com-
parable to that of the PGMA60–PGlyMA100 nanoparticles alone,
suggesting that these small epoxy-functional spheres now coat
the surface of the larger primary amine-functional spheres.
TEM images of the nanoparticle dispersions were recorded
after drying at either pH 3 or pH 8. Following attempted reac-
tion at pH 3, Fig. 7C clearly shows two distinct populations of
essentially non-interacting nanoparticles, indicating that no
epoxy-amine reaction has occurred. Fig. 7D shows the TEM
image obtained after reacting at pH 8: the smaller PGMA60–
PGlyMA100 spheres are clearly adsorbed at the surface of the
larger (0.8PGMA101 + 0.2PAMA96)–PHPMA1000 spheres. In
summary, the primary amine-functionalised nanoparticles are
cationic and unreactive at pH 3, whereas deprotonation at pH
8 leads to neutral nanoparticles that can be readily reacted
with epoxy-functionalised nanoparticles.
Conclusions
The PISA synthesis of primary amine-functionalised diblock
copolymer nanoparticles is reported. A poly(2-aminoethyl
methacrylate) (PAMA) macro-CTA (mean DP = 96; Mw/Mn =
1.30) was chain-extended with 2-hydroxypropyl methacrylate
(HPMA) at pH 6 using a RAFT aqueous dispersion polymeris-
ation formulation. Systematic variation of the degree of poly-
merisation (DP = 100–1000) of the core-forming PHPMA block
at 10% w/w solids leads to the formation of cationic spherical
nanoparticles, with mean particle diameters ranging from 68
to 288 nm. At or above pH 9, deprotonation of the PAMA stabil-
iser chains occurs, which results in flocculation. This problem
can be overcome by utilising a binary mixture of a cationic
PAMA macro-CTA and a non-ionic PGMA macro-CTA, since the
latter component confers steric stabilisation in alkaline media.
Systematic variation of the molar ratio of these two macro-
CTAs enables the cationic character of the resulting spherical
nanoparticles to be fine-tuned. Up to 20 mol% PAMA stabiliser
can be incorporated into the diblock copolymer nano-objects
before flocculation is observed at high pH. Furthermore, syn-
thesis of diblock copolymer nanoparticles with the general
formula ([1 − n]PGMA60 + nPAMA96)–PHPMAz using this
Fig. 7 (A) Intensity-average particle size distributions and (B) electro-
phoretic mobilities obtained for PGMA60–PGlyMA100 (red trace) and
(0.8PGMA101 + 0.2PAMA96)–PHPMA1000 (blue trace) diblock copolymer
spheres both separately and after mixing at pH 3 (black trace) and pH 8
(green trace). The corresponding TEM images obtained at (C) pH 3 and
(D) pH 8 are also shown. The epoxy-amine reaction was conducted at
60 °C for 16 h at pH 8.
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binary mixture of macro-CTAs enabled the reproducible for-
mation of worms and vesicles at 20% w/w solids that are both
cationic at low pH and colloidally stable at high pH. Increasing
the PAMA96 mol fraction in these diblock copolymer nano-
particles results in greater cationic character but also favors
the spherical morphology; incorporation of just 5 mol% (n =
0.05) PAMA stabiliser is suﬃcient to prevent access to the
worm and vesicle morphologies. The reactivity of (0.8PGMA101
+ 0.2PAMA96)–PHPMA1000 particles is demonstrated by the
addition of model epoxy-functional nanoparticles prepared by
RAFT aqueous emulsion polymerisation. No inter-particle reac-
tion proceeds at pH 3 since the primary amine groups remain
protonated under these conditions, but epoxy-amine reaction
occurs on deprotonation of the PAMA stabiliser chains at pH
8, as evidenced by DLS, aqueous electrophoresis and TEM
studies.
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